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■ Abstract We are just beginning to evaluate and model the contributions policies
make toward improving energy efficiency. In this article, three recent studies are re-
viewed. They represent an important step in the analyses of climate-change mitigation
strategies. All studies model estimated policy impacts rather than the policies them-
selves. Often the policy impacts are based on assumptions, as the effects of a policy
are not certain. Most models incorporate only economic (or price) tools, which, for
estimating impacts, costs, and benefits of mitigation strategies, recent studies have
proven are insufficient. The studies reviewed are a first effort to capture the effects of
nonprice policies. They contribute to a better understanding of the role of policies in
improving energy efficiency and mitigating climate change. All policy scenarios re-
sult in substantial energy savings compared with the baseline scenario used; they also
result in substantial net benefits to the US economy. Because the industrial sector is
the most diverse and, arguably, the most challenging energy-demand sector to model,
studying policies for them is no easy task. The challenges, which are many, fall into
two categories: appropriate level of detail (i.e., sector, technology, and policy) and rep-
resentations of decision making. A better understanding of decision-making behavior,
technology choice, and policy impact and effectiveness is needed to improve our un-
derstanding of the potential effectiveness of future energy efficiency policies as well as
to improve policy modeling. With these developments, the current and next-generation
policy models and studies have the potential to become richer representations of the
industrial sector.
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1. INTRODUCTION

Changes in energy intensity of industry are due to a movement toward less–energy-
intensive industries and energy efficiency improvement. Energy-efficiency im-
provement is one of the key areas of the US national energy strategy (1). In the
United States, the industrial sector is extremely diverse. It includes agriculture,
mining, construction, energy-intensive industries, and non–energy-intensive man-
ufacturing. In 1997, the industrial sector consumed 37% of the primary energy
consumed in the United States. In this review, we focus on the manufacturing
industry, which in the United States consumes the bulk of industrial energy use.
Various bottom-up studies found cost-effective potentials for energy efficiency
improvement varying from 5% to 12% by the year 2010 (2, 3), and up to 20% by
the year 2020 (3), compared with business as usual, whereas other studies found
less potential or higher costs to achieve the potentials (4).

Energy efficiency improvement can be achieved through the adoption of energy-
efficient practices (e.g., energy management) and technologies. Many studies
identified a wide variety of sector-specific and cross-cutting energy efficiency
improvement opportunities (2). Sector-specific measures include technologies and
practices that are unique to a specific process or industrial sector, e.g., scrap pre-
heating in steel plants and new drying technologies in the paper and textile indus-
tries. Cross-cutting measures include technologies that are used more generally
(although some applications may be sector specific) throughout industry, e.g.,
motor-and-steam system retrofits or cogeneration to replace aging boilers. Adop-
tion of energy-efficient practices is influenced by issues such as stock-turnover
rates, growth of production capacity, relative prices of production factors, regula-
tions, and energy policies.

Energy policies are key to the implementing of practices and technologies iden-
tified in the studies mentioned above and will affect the degree of energy efficiency
improvement that can be achieved in the United States. However, comprehensive
evaluations of the effects and effectiveness of industrial energy policies are rare
(5), as are studies that try to model energy efficiency policies. We are just beginning
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to evaluate and model the contributions policies make toward improving energy
efficiency. In this article, we review recent studies in the United States that focus
on modeling the impact of policy on energy use in manufacturing. Because of
the emerging character of the policy-modeling field, this review, by definition, is
a preliminary review. Despite the many interesting and important energy policy
developments ongoing outside the United States, e.g., voluntary agreements in
Europe, those are beyond the scope of this review.

Policy makers rely on scenario studies to evaluate,ex ante, the potential effects
of certain developments and policy choices. This is frequently done using models
that try to estimate the effect of the choices, e.g., on energy use and economic wel-
fare. However, models, almost by definition, have shortcomings. One of the main
shortcomings of current models is they cannot be used to properly assess the effect
of policies on energy use. Hence, a critical evaluation of the value of the models
and scenario results is needed.

We review past trends in industrial energy-use efficiency in the United States
to provide a perspective on future trends. This is followed by a review of selected
recent modeling studies aimed at assessing the potential for improving energy ef-
ficiency using policies. Many of the studies assessed the potential for improved
energy efficiency to reduce greenhouse gas emissions. We review the methodolo-
gies used, as well as the results of those studies, and assess the dependence of
policy on the possible potentials. We end with conclusions and recommendations
with respect to modeling industrial energy efficiency policies.

2. TRENDS IN US INDUSTRIAL ENERGY USE
AND POLICY EXPERIENCES

Although price shocks in the 1970s and early 1980s led to a temporary reduction,
energy use in the United States has increased in the past decades (6). Today, because
of strong economic growth, energy use has surpassed the historical high of the
1970s. A similar pattern is observed for CO2 emissions (6). Only the manufacturing
industry reduced total energy use and CO2 emissions between 1970 and the early
1990s. This is mainly due to improved energy efficiency followed by a change,
lasting until 1989, toward higher production value (7) (Figure 1 ); the contribution
of the manufacturing industry to the Gross Domestic Product (GDP), however, has
not declined. Most recently, trends suggest a change in the overall structure of the
US economy, contributing to a decoupling of energy use and economic growth.
Although energy prices and policies affect energy use, analyses are unable to
directly measure their effect on energy use in manufacturing. Golove & Schipper
(7) show that during and shortly after the price shocks of the 1970s and 1980s, the
manufacturing industry reacted mainly by adapting the structure of the sector rather
than by decreasing energy intensity (improving energy efficiency). Compared with
such changes prior to 1970, the annual rate of change in energy-intensity has
increased, but they were reduced in the second half of the 1980s, when energy
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Figure 1 Development of value of output, primary energy use, and energy in-
tensity of the US manufacturing industry. The information is indexed to the year
1990. (From Lawrence Berkeley Natl. Lab., Berkeley, CA.)

prices declined. A review of trends in 13 Organization for Economic Cooperation
and Development (OECD) countries demonstrated that after energy prices declined
in 1986, energy efficiency improvements took place (8). Although energy prices
impact energy efficiency improvement, it is unclear how much.

The analyses discussed above used aggregate indicators to assess historic trends.
Decomposition analysis helps to identify the role of energy efficiency and structural
change. Still, these indicators may obscure the effects, as changes in commodity
prices over time may not be fully captured in the analysis. Indicators using phys-
ical energy intensities (e.g., gigajoules/tonne of product) track the changes better
at the level of individual industrial sectors, especially for energy-intensive sectors
(9, 10), although these indicators too have disadvantages (10). Farla et al. (11)
found that the US pulp and paper industry improved its energy efficiency by 15%
in the period 1973–1991, equivalent to 0.9% per year on average. Worrell et al.
(12) found that the average energy intensity reduction of the US iron and steel
industry was equal to 1.5% per year. The average contribution of energy efficiency
improvement was equal to 1.0% per year. These studies do not evaluate the re-
lationship of found trends to the potential impact of energy policies or energy
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prices. Boyd & Karlson (13) studied the impact of energy price on technology
choice in the steel industry. Their analysis shows that although energy prices play
a role in energy efficiency improvement, energy prices are unlikely to influence
adoption of innovative technologies. Other technology parameters, e.g., produc-
tivity, have a more important effect on this choice than does energy price.

Based on this limited review of recent trend analyses of energy use in the
US manufacturing industry, it is difficult to evaluate the impact of energy policy
on historic trends. Various studies have assessed the potential impact (ex anteor
ex post) of individual policies. A 1996 US Department of Energy (DOE) report
assessed part of the literature evaluating the effectiveness and feasibility of volun-
tary programs, research and development (R&D), regulations, and market-based
incentives (14). Program-specific evaluations estimate the effect of a specific po-
licy program, e.g., the audit program of the Industrial Assessment Centers run
by the DOE (15) and the Energy Star program run by the US Environmental
Protection Agency (EPA) (16). However, it is difficult to compare the effects of
individual programs on trends in energy use and energy intensity in industry, and
also to estimate the effectiveness of the programs. There is, however, a discern-
able effect of policies on industrial energy use and intensities. The lack ofex post
evaluations makes it difficult to model the effects of industrial energy efficiency
policies.

3. POLICY MODELING STUDIES

In this section, we review several recent modeling studies that assessed the potential
impact of energy policies on future energy use, as well as on greenhouse gas
emissions. We review recent studies that explicitly modeled (industrial) energy
policies (17–19).

The studies modeled policies in different ways. Basically, they all translated the
policies into effects on technology and the energy efficiency of the technologies,
either exogenously or within an integrating model. Table 1 provides an overview
of the modeling approaches used in the various studies [for an in-depth descrip-
tion of the models used, see elsewhere (20, 21)]. The studies use either the 1998
(Tellus) or 1999 [American Council for an Energy-Efficient Economy (ACEEE),
Clean Energy Future (CEF)] Annual Energy Outlook (AEO) baseline scenarios, as
produced annually by the Energy Information Administration (EIA). This allows
a comparison of the results between the various studies. The baseline scenarios
used in these studies assume a future governed by relatively low energy prices (i.e.,
small increases in fossil fuels and reductions in electricity due to deregulation) and
strong economic growth.

The study by Geller et al. (17) is an exploration of 10 major energy policies
in different sectors that either have proven to be effective policies (e.g., efficiency
standards for household appliances) or are, according to the authors, likely to
have a large impact (e.g., public benefit charges, industrial cogeneration). The
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TABLE 1 Modeling approaches of the studies revieweda

Model characteristics ACEEE 1999 Tellus 1999 CEF 2000

Model Spreadsheet NEMS/LIEF NEMS

Baseline scenario AEO 1999 AEO 1998 AEO 1999

Industrial subsectors 1 18 15

Individual technology No No No
representation

Policy modeling Off line Off line Partially off line

Cost calculation Net present value Net present value Annualized

Macroeconomic impacts No Yes Yes
included

aNote: off line denotes that the actual modeling of policies is executed outside the integrating model used to
estimate the scenario results. ACEEE, American Council for an Energy-Efficient Economy; CEF, Clean Energy
Future; NEMS, National Energy Modeling System; LIEF, long-term industrial energy forecasting; AEO, Annual
Energy Outlook.

set includes two policies specific for the industrial sector, i.e., cogeneration and
voluntary sector agreements. Using simple spreadsheet tools, the authors explore
the potential effect and costs of each of the five policies and offset the results to
the AEO 1998 baseline scenario. The study assesses results for the years 2010
and 2020. The study results achieve the emission reductions necessary under the
Kyoto Protocol, if the United States ratifies the Kyoto Protocol.

Bernow et al. (18) looks at the potential policies and the effects on US carbon
dioxide emissions in light of the Kyoto Protocol. Hence, it assesses only the po-
tential effects until 2010. The study was done as part of the World Wildlife Fund’s
Climate Change Campaign and identifies strong emission-reduction potentials in
all sectors. It studies two scenarios: Kyoto compliance (KC) and climate protec-
tion (CP) (climate protection assumes even further reductions than are needed
to comply with the targets set out in the Kyoto Protocol, without the flexible
mechanisms defined in the Kyoto Protocol). It uses various models to study the
policy impacts, employing the National Energy Modeling System (NEMS) as the
integrating framework.

The CEF study (19) is the most comprehensive of the studies reviewed. It is a
collaborative study of five national laboratories, aiming at modeling various policy
scenarios to explore different energy futures. It is an independent, follow-up study
to the so-called Five-Lab study (2, 22). In the Five-Lab study, only technical and
economic opportunities for efficient use of energy were studied, whereas the CEF
study explores the effects of policies as well. The study assesses a business-as-usual
scenario (slightly different from the AEO 1999 scenario) and two policy scenarios:
a moderate and an advanced scenario, each reflecting increasing levels of public
commitment to solving the energy-related challenges in the United States; these
advanced scenarios enable policies to be implemented that may not be feasible
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today. The CEF study is different from the other two studies in that it is not
primarily driven by the potential threat of climate change; instead, it tries to address
different energy-related problems, of which climate change is a major one. The
study assesses the impacts of the scenarios both for 2010 and 2020 and mainly
used NEMS as the modeling tool, although exogenous models were used to model
some of the policy impacts.

3.1. Modeling Approaches

In this section, we focus on the so-called engineering-economic (or “bottom-up”)
models, as they include the amount of detail commonly needed to model pol-
icy scenarios. Although macroeconomic models have been used to evaluate the
effect of economic or price policies, these models are not sufficiently detailed
to accurately assess the effects of policies. For an excellent discussion of the
limitations of macroeconomic models, see Laitner et al. (23). Laitner et al. (23)
critique macro-economic models on four levels: (a) the lack of realism (e.g., the
assumption of ideal behavior with perfect information, the lack of technology
dynamics); (b) the assumption that the current state is “efficient”; (c) the use of
similar behavior at aggregated levels of the society; and (d ) the narrow concept
of welfare used in these studies. The engineering-economic approach is rooted in
engineering principles to account for physical flows of energy and the use of capital
equipment. This is coupled with economic information to account for energy
expenses and investment in capital. Some decision-making rules are applied. The
form of the decision-making rules presents a challenge to modeling industrial
energy use because for industry, in times of relatively low energy prices, energy
issues alone rarely drive investment decisions. Other challenges in engineering-
economic modeling include representing the activities in “industry,” which are
diverse, as well as the lack of data and hence calibration of the results. Various
models have been used in the United States to model energy use. Three often used
are NEMS, LIEF (long-term industrial energy forecasting), and ISTUM (also
known as ITEMS).

3.1.1. INDUSTRIAL-SECTOR TECHNOLOGY USE MODEL ISTUM was originally de-
veloped by the DOE in the 1980s. It is used in Canada and the United States under
the names ISTUM and ITEMS. The ISTUM model includes the most detailed
technology breakdown of the models considered here. However, ISTUM is not
used in any of the studies discussed below, so we do not discuss this model in
detail. Roop & Dahowski (24) used it to assess the AEO 2000 baseline scenario as
developed by the EIA (using NEMS) and found that a technology-rich model like
ISTUM would produce a baseline scenario with lower energy use and emissions
than a less-rich model like NEMS.

3.1.2. NATIONAL ENERGY MODELING SYSTEM Although NEMS is not specifically
used to obtain any of the policy/scenario results for the studies, it underlies the
results of the CEF (19), Interlab (2), and Tellus (18) studies because their base
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cases, taken from the EIA, were calculated through NEMS. Because NEMS is
used for EIA’s energy forecasting, understanding its approach is important to
discussions of industrial-sector energy modeling. In NEMS, energy use is modeled
at the energy-service demand or process-stage level, although for some sectors no
equipment is explicitly modeled. A technology is represented by a parameterized
value, i.e., unit energy consumption (UEC), which is the energy use per unit of
production. For nonmanufacturing and non–energy-intensive manufacturing, each
fuel-specific UEC applies to the entire production process for which the output
is defined in monetary terms. For the energy-intensive sectors, UECs are given at
different process levels. UECs are specified for both new and retrofitted equipment,
and the UECs change over time according to a technology possibility curve (TPC).
This gives the ultimate UEC that a process will reach at the end of the analysis
period. The actual UEC moves along the TPC with each year of the analysis. The
user can also specify the turnover rate for equipment to model the penetration of
more efficient technologies.

The NEMS industrial module contains no explicit equipment characterizations,
but the UEC and TPC parameters can be calculated based on assumptions of
technology performance and penetration. These estimates are an exogenous input
to the model, so there is no way to model technology choice or to capture feedback
from the scenario, such as price changes on technology choice. For the baseline
scenarios of the Tellus and CEF studies, the Arthur D. Little Corp. developed the
inputs (21). For the CEF policy scenarios, new NEMS inputs were developed.

3.1.3. LONG-TERM INDUSTRIAL ENERGY FORECASTING The heart of the LIEF model
(20) is a set of conservation supply curves. There are curves for 18 separate indus-
tries that show the relationship between cost-effective savings and energy prices for
each industry. These 18 groupings represent industries with similar energy use and
growth characteristics. Each industry has two curves, one for electricity and one
for aggregate nonelectric fuels. These curves are parameterized by two variables:
G0, the efficiency gap, or the percentage of energy use that could be reduced cost-
effectively in the base year; andA, an elasticity parameter showing how industry
energy use changes in response to changes in energy prices. The values of these
parameters are estimated from historical observations. Assumptions about a base
year and historical capital recovery factor are needed for estimating these parame-
ters; these values were chosen based on a “behavioral” discount rate of 33% (20).
A third industry-specific variable is an autonomous-trend variable. This parameter
has also been estimated from historical observations to explain changes in energy
intensity that are not explained by changes in energy prices. This autonomous
trend encompasses energy efficiency changes that accompany other productivity
enhancements, changes in structure, and process changes. The trend may actu-
ally be an increase in energy intensity in some industries; for example, where an
industry is becoming electrified, the electricity energy intensity may increase.

The relationship is expressed as potential energy savings with respect to energy
price divided by the capital recovery factor (CRF). The CRF folds several factors
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into the analysis, including time preference for money, risk aversion, and investor
strategy; it may be seen as a “hurdle” rate. The CRF therefore provides a basis
for modeling policy interventions ranging from financial mechanisms, such as
subsidies and tax incentives, to informational programs and other nonfinancial
policy changes. Although the option to model these policies exists, there is a need
for offline empirical analyses to translate policy changes into estimates of hurdle
rate changes. To this end, it is desirable, when feasible, to break the hurdle rates
down into the various factors that comprise it so they can be understood and treated
separately in policy modeling.

In LIEF, the other variable that can be used for policy modeling is the penetration
rate. LIEF calculates an “ideal energy intensity” given the expected energy prices
and discount rates and then uses a penetration rate to reflect the extent to which an
industry moves from the actual energy intensity toward the ideal energy intensity
each year. Policies are modeled in LIEF by changing the values of the CRF and/or
the penetration rate to reflect certain policies. The year-by-year difference in energy
consumption between this LIEF run and the LIEF version of the base case is then
subtracted from the EIA base case to obtain the policy case.

3.2. Baseline Scenarios

Most studies use the AEO 1998 (25) or 1999 (26), developed by EIA as baseline.
The AEO 1998 scenario is used by the Tellus study (18), while AEO 1999 is
used by the ACEEE study (17). On the basis of the AEO 1999 scenario, the CEF
study has developed a different baseline scenario using assumptions about stock
turnover rates and adjustment in base year (1994) energy intensity different from
those for selected sectors (19). The CEF baseline scenario results in a slightly
lower industrial primary energy consumption [43 EJ (1018 J)] by the year 2020
than does the AEO 1999 scenario (44.5 EJ). A recent analysis of the AEO 2000 has
shown that a “technology-rich” modeling approach may lead to different results
for the baseline scenario and may result in a lower estimate of future energy use in
industry (24, 28). This stresses the importance of the applied modeling approach,
both for the baseline scenario as well as for policy scenarios (see above).

3.3. Policy Scenarios

The extent to which individual policies are covered in an analysis varies widely.
Table 2 provides a summary of the groups of policy measures included in the
studies. As Table 2 shows, the study by the Interlaboratory Working Group (19) is
the most comprehensive of the three.

We distinguish various categories of programs. Voluntary sector agreements
are applied only in the CEF study, modeled after European programs (29, 30).
Voluntary sector agreements between government and industry are applied as the
key policy mechanism in the CEF study to attain energy efficiency improvements
and to reduce greenhouse gas emmissions because an integrated policy that ac-
counts for the diverse characteristics of technologies, plant-specific conditions,
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TABLE 2 Policy instruments included in the studies revieweda

Category/instruments ACEEE 1999 EIA 1999 Tellus 1999 CEF 2000

Voluntary sector agreements + +
Voluntary programs +
Information programs +
Investment enabling programs +b +c +c

Regulations +
Research and development +b + +
Emission trading program +d +d +
Cogeneration—investment + + + +
enabling

Cogeneration—barrier removal+ + +
aThe study by the Energy Information Administration (EIA) is added for completeness but is not evaluated in this review
because of the limited scope of the study. ACEEE, American Council for an Energy-Efficient Economy; CEF, Clean
Energy Future.
bAs part of public benefit programs of utilities but not specifically targeted to manufacturing industry.
cTax incentives.
dFor power production only. This will likely affect electricity costs for industry.

and industrial-sector business practices is needed. Policies and measures sup-
porting these voluntary sector agreements take into account the diversity of the
industrial sector while (a) being flexible and comprehensive, (b) offering a mix
of policy instruments, (c) giving the right incentives to the decision maker at the
firm level, and (d ) providing the flexibility needed to implement industrial energy
efficiency measures. Voluntary agreements are also used in the study by ACEEE
(17), although the modeled impact is based on preliminary results of the CEF
study.

For industrial energy policy in the United States, voluntary programs have
been widely used, in the Challenge technology delivery programs, Energy Star
Buildings and Green Lights, Climate Wise, and specific pollution prevention
programs. Voluntary programs are included explicitly only in the CEF study,
although other studies may have included it partially in the baseline scenario.
The DOE’s Motor Challenge program was created in 1993 to promote voluntary
industry/government partnerships to improve energy efficiency, economic
competitiveness, and the environment. The main goal of the program is to work in
partnership with industry to increase use of energy-efficient, industrial, electric-
motor–driven systems. A key element in the Motor Challenge strategy is to
encourage a “systems approach” to industry’s selection, engineering, and mainte-
nance of motors, drives, pumps, fans, and other motor-driven equipment (31). The
current Motor Challenge program focuses on eight energy- and waste-intensive
sectors: forest products, steel, aluminum, metal casting, chemicals, glass, mining,
and agriculture. It is also targeting large plants in these industries (31). Similar
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Challenge programs are aimed at steam systems (Steam Challenge), compressed-
air systems (Compressed Air Challenge), and Cogeneration [combined heat and
power production (CHP Challenge)]. The EPA’s Energy Star programs help to
eliminate information barriers and improve efficiency in investments in the build-
ings component (especially important in light industries) of industrial energy use.
Energy Star programs are voluntary partnerships between the EPA, the DOE,
product manufacturers, local utilities, and retailers to develop and market energy-
efficient products (see above). Partners help promote energy-efficient products
by labeling with the Energy Star logo, which may be used as a marketing tool,
and by educating consumers about the benefits of energy efficiency. Participating
companies are provided with access to information about products and prac-
tices to improve their efficiency. The Green Lights program, a voluntary pol-
lution prevention program sponsored by the EPA and part of the Energy Star
program, aims at improving the efficiency of lighting systems. Green Lights part-
ners agree to install energy-efficient lighting where profitable as long as light-
ing quality is maintained or improved. Many industries are a partner in this
program.

Information programs include audit, labeling, and dissemination programs. The
United States has wide experience with a program that audits small and medium-
sized enterprises, based on a network of 30 universities through the DOE Office
of Industrial Technology’s Industrial Assessment Center (IAC) program. Since its
inception in 1976, these centers have performed more than 8000 assessments and
provided 53,000 recommendations; about 42% of the suggested investments have
been implemented (15). Because of the higher percentage of small and medium-
sized enterprises, most current clients of the IAC centers are in food processing
and metals manufacturing. Historically, IAC assessments have identified lighting,
heating, ventilation, and air conditioning (HVAC) and building envelopes, heat
recovery and containment, compressors, and motors as the areas where greatest
improvement in energy efficiency is possible.

Investment-enabling programs include financial incentives, such as investment
tax rebates and subsidies for investment in energy-efficient technologies, as well
as state and energy service company/utility programs. Currently, many states and
regional bodies have local industrial innovation and competitiveness programs; a
number of these programs aim specifically at industrial energy efficiency im-
provement. Approximately 300 regional or state programs exist. Examples of
successful energy programs can be found in Iowa, New York, and Wisconsin. The
Energy Center of Wisconsin focuses on demonstration projects. A program in New
York focuses more on industrial R&D, whereas the LoanSTAR program in Texas
focuses on demonstrating energy retrofit technologies. The Iowa Energy Center
focuses on agriculture and audits. Following deregulation, 19 states have intro-
duced public benefit charges. The revenue from the public benefit charges will be
used to fund projects in energy efficiency, R&D, and renewable energy sources to
subsidize low-income households. The charge and the spending patterns vary by
state (32, 33). Historically, utility demand-side management program performance
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has varied widely and depends on factors such as marketing, targeting of ap-
proaches, program procedures, level of financial incentives, and availability of
technical assistance (34). Utility programs seem to have been targeted mainly to
larger customers. Public benefit charges are explicitly modeled in the ACEEE and
CEF study, although the assumed use of the funds may vary.

Regulations exist in the United States for industrial motors, as well as for as for
large heating and cooling equipment. Motors use 59% of manufacturing electricity
use, or 541 TW hours (TWh) (35). The Energy Policy Act (EPACT) standards apply
to all industrial motors with a power rating of 1–150 kW. Potential new standards
include improved rewind practices by promoting a national repair standard. The
CEF and ACEEE studies include new motor standards, as well as extension to
other motor sizes. The other studies include standards for other equipment (e.g.,
lighting, office equipment, and domestic appliances) but do not explicitly include
motor standards.

Many new technologies are being developed that could have a large impact on
industrial energy efficiency. Expanded R&D efforts are likely to generate future
energy savings over the modeled time frame depending on timing and schedul-
ing of the R&D (36). The Tellus study and CEF study explicitly include R&D
policies for industrial energy efficiency in the policy scenarios. Current R&D pro-
grams in the United States include federal activities (mainly managed through the
DOE) and state programs. Federal programs include such demonstration programs
as National Industrial Competitiveness through Energy, Environment, and Eco-
nomics. Grants support innovative technology deployment that can significantly
conserve energy and energy-intensive feedstocks, reduce industrial wastes, prevent
pollution, and improve cost competitiveness. The DOE Office of Industrial Tech-
nologies, Industries of the Future strategy—creating partnerships among industry,
government, and supporting laboratories and institutions to stimulate technology
research, development, and deployment—is being implemented in nine energy-
intensive industries.

A cap and emission trading program for CO2 emissions is found in only the
CEF study and in only one policy scenario. The cap and trade system is modeled
through a shadow price for CO2 emissions in the CEF study and works along the
same principle as sulfur emission trading for power generators.

Industrial cogeneration (CHP) is an important option included in all studies,
although in different ways. The analysis of the Climate Change Technology Ini-
tiative (37) includes only the tax rebate given to eligible CHP projects until the
year 2003. The other studies assess a more aggressive package of policies aimed at
reducing the barriers that limit the profitability and uptake of CHP in industry. The
extent of the instruments varies within each of the studies. CHP is the only policy
explicitly modeled in all studies, although mostly offline, using estimates for the
potential penetration. In addition to including effects of many policy initiatives
(e.g., removal of such barriers such as high interconnection and backup charges,
exit fees, or low buy-back tariffs), CHP policies also include replacement of retired
industrial boilers, voluntary programs, air-pollution–abatement programs, public
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benefit programs, investment tax credits for CHP systems, and expanded R&D
programs.

4. COMPARING THE RESULTS OF THE STUDIES

Given the large differences in inclusion of various policies and programs, compar-
ison of the results should be done carefully. We first compare the overall results
to put the findings for industrial energy use in perspective. We then compare the
results for industrial energy use and the impacts for specific areas or policies that
have been modeled explicitly in the studies, i.e., cogeneration.

4.1. Total Primary Energy Use and Carbon Emissions

In all studies, total US primary energy use is expected to increase over 1990 levels
by the year 2010. However, total energy use varies considerably by study. Although
primary energy use by 2010 in the reference case (AEO 1ggg) is estimated at
117 EJ (EJ= 1018 J), the CEF study shows the most moderate results. Even
in the CEF advanced scenario, discussed above, primary energy use is higher
(105 EJ) than in the policy scenarios of the other studies, which aim at achieving
the Kyoto targets for CO2 emission reduction. According to the ACEEE study (17),
by 2020, the gap widens even more because of the large impact of cogeneration
in particular. The Tellus policy scenarios (18) do not evaluate the impact for the
year 2020. Figure 2 depicts the scenario results for total primary energy use in the
United States for the different studies, as well as the baseline assumptions used in
the studies.

CO2 emissions decline in all policy scenarios compared with the baseline sce-
nario, whereas the differences between the studies become even wider, as shown
in Figure 3. In the reference scenario, AEO 1ggg, CO2 emissions are estimated to
increase to almost 1800 million tons of C (MtC) by 2010 and to 1900–2000 MtC
by 2020, compared with 1990 emissions of 1346 MtC. The CEF study (19) finds
that total 2010 carbon emissions are estimated to be 1684 MtC and 1467 MtC
for the moderate and advanced scenarios, respectively. The Tellus Kyoto com-
pliance scenario (18) and the ACEEE policy scenario (17) achieve the emission
target for the United States set under the Kyoto Protocol, whereas the Tellus cli-
mate protection scenario (18) finds further opportunities for emission reduction
beyond the Kyoto target. The differences between the energy and emission re-
sults suggest that the larger variation in emission results are due to more rapid
changes in fuel mix. The results of the ACEEE study (17) show a further reduc-
tion in emissions by 2020, especially through the sharply increased reliance on
cogeneration in this study compared with the CEF study (19) and baseline sce-
narios, as well as through other more aggressive policies in other sectors. (It is
outside the scope of this review to compare the results for the total US economy in
depth.)
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Figure 2 Primary energy use (in exajoules) in the United States as estimated in the scenario
studies, as well as baseline energy use (1990, 1997, 2010, and 2020). AEO, Annual Energy
Outlook; CEF, Clean Energy Future; KC, Kyoto compliance; CP, climate protection; ACEEE,
American Council for an Energy-Efficient Economy.

4.2. Industrial Primary Energy Use and Carbon Emissions

Recent trends in US industrial energy use show a slow growth, from 33.9 EJ in
1990 to 36.6 EJ in 1997 (about 1% per year). Under the AEO 1999 scenario (26),
industrial energy use is expected to grow to 41.6 EJ by 2010 (+1.0% per year) and
to 44.4 EJ by 2020 (+0.8% per year). The CEF study (18) uses a slightly lower
energy consumption in the reference scenario, AEO 1ggg (40.7 EJ and 43.3 EJ
in 2010 and 2020, respectively). Figure 4 depicts the results for the different studies.

The CEF moderate scenario (19) of primary energy consumption by industry
is estimated at 39.2 EJ by 2010 (−4% compared with the baseline) and 40.1 EJ
by 2020 (−7% compared with baseline scenario). In the advanced scenario,
industrial energy efficiency further improves, leading to primary energy con-
sumption of 36.6 EJ by 2010 (−10%) and 36.2 EJ by 2020 (−16%). The other
studies assume more aggressive policies, leading to higher reductions in energy
consumption. The results of the other three scenarios are more or less similar,
varying between 34.5 and 34.8 EJ by 2010. This is comparable to a reduction
of 16%–17% compared with the baseline scenario (26). The ACEEE study (17)
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Figure 3 Total CO2 emissions (in million metric tons of carbon equivalent) in the
United States as estimated in the scenario studies. (For abbreviations, see Figure 2.)

expands the time horizon to 2020, showing a further reduction in primary en-
ergy use to 32.9 EJ (−26%). This strong reduction is due in particular to a dra-
matic increase in industrial cogeneration, as well as voluntary industrial-sector
agreements.

Use of aggregate energy intensities is a reasonable way to compare policy ef-
fects with historic trends, as well as a way to compare the results. The drawbacks
of using an aggregate indicator are limited in this comparison because all scenario
studies use similar forecasts for the economic structure of the industrial sector.
Unfortunately, only the CEF study presents the average reductions in energy in-
tensities. In the baseline scenario (19), energy intensity is forecast to decrease from
the 1997 level of $9.2/GJ to $7.1/GJ [on a primary energy basis, excluding the ef-
fects of industrial cogeneration (see below)], equivalent to an average reduction
of 1.1% per year [of which 70% is due to structural change within the industrial
sector (26)]. Under the CEF moderate scenario, aggregate energy intensity is ex-
pected to decrease by 1.5% per year and in the advanced scenario by 1.8% per year
(19). Although high, such changes are still smaller than historic rates of change,
as found during the oil price shocks.

Carbon dioxide emissions are being reduced faster than primary energy use be-
cause of changes in fuel mix in industry and in power generation in all scenarios.
The effects of the different policies vary, which is mainly due to penetration of
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Figure 4 Primary energy use (in exajoules) in US industry as estimated in the scenario
studies, as well as baseline energy use (1990, 1997, 2010, and 2020). (For abbreviations,
see Figure 2.)

low-green house gas (GHG) power generation technologies (including cogenera-
tion). Figure 5 depicts the results of the different scenarios and studies.

There is an estimated 9% reduction in CO2 emissions by 2010 in the CEF
moderate scenario (19) and a 22% reduction in the advanced scenario (19). The
estimates are even larger in the ACEEE (28%) (17) and Tellus (33% respectively
38%) studies (18). The differences between the CEF and ACEEE scenarios are
growing by 2020. The CEF advanced scenario finds CO2 emissions of 399 MtC by
2020 (−31%), whereas the ACEEE policy scenario finds emissions of 298 MtC
(−48%). The large reduction in the ACEEE scenario is due in particular to cogen-
eration, as well as to changes in power production.

4.3. Industrial Cogeneration

Because the studies differed in the way that industrial cogeneration was integrated
in the total results of the industrial sector, and because of the importance of this mea-
sure in all studies, we compare the results for industrial cogeneration separately.
We assess the total installed capacity as well as generated power by cogeneration.
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Figure 5 Total CO2 emissions (in million metric tons of carbon equivalent) from the
US industry as estimated in the scenario studies. (For abbreviations, see Figure 2.)

Currently, cogeneration contributes less than 9% to the total amount of power gen-
erated in the United States. This is a limited quantity compared with other industri-
alized countries, which suggests the existence of additional potential for (industrial)
cogeneration. Compared with district heating applications, industrial cogeneration
applications are more likely over the short term because of higher profitability (e.g.,
larger size, lower capital cost) and constant heat consumption demand.

Total power generation in the United States is forecast to grow from 745 GW
in 1997 to 854 and 974 GW in 2010 and 2020, respectively. In the baseline sce-
nario (26), installed industrial cogeneration capacity increases slowly, at 0.8% per
year, leading to just over 50 GW installed by 2020. All policy scenarios assume
a much larger role of cogeneration in future power supply, by reducing barriers
(e.g., interconnection charges, transition or exit fees in various states, environmen-
tal permitting, and tax depreciation schedule) as well as tax incentives (as currently
available under the Climate Change Technology Initiative). This leads to construc-
tion of additional cogeneration capacity of 10 GW over the baseline forecast (CEF
moderate) to highs of 38–49 GW (Tellus and ACEEE, respectively). The CEF ad-
vanced scenario (19) forecasts an additional capacity of 25 GW (see Figure 6). The
official goal of the US government is to double existing cogeneration capacity by
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Figure 6 Installed industrial capacity of combined heat and power (cogeneration) in
the scenario studies (expressed in gigawatts). (For abbreviations, see Figure 2.)

2010 [i.e., construction of cogeneration capacity to create an additional capacity
of about 46 GW (not all industrial)]. The Tellus (18) and ACEEE (17) studies
assume this new capacity will be all industrial capacity, whereas the CEF study
assumes implementation of only part of the “challenge” in the industrial sector. By
2020, the differences between the two studies are even larger. The CEF moderate
and advanced scenarios forecast 82 GW (+26 GW over baseline forecast) and
118 GW (+62 GW) total installed capacity by 2020, whereas the ACEEE study
assumes 186 GW (+135 GW) (17).

The slow growth of cogeneration in the AEO 1999 scenario (26) leads to an
actual reduction in the share of cogeneration in total US power supply by the year
2020. The total share of industrial cogeneration is estimated at 6% in 1997, and
under the AEO 1999 scenario, this is forecast to be reduced to 5% of installed
capacity. In the policy scenarios, the share is estimated to increase to between 7%
and 11% by 2010. It is estimated to remain stable by 2020 (CEF moderate) or to in-
crease to 8% (CEF advanced) or even 19% (ACEEE policy). Similar contributions
have been achieved in some Western European countries (e.g., The Netherlands,
Germany).
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Figure 7 Power production from industrial combined heat and power production in
the scenario studies (expressed in Terawatt hours). (For abbreviations, see Figure 2.)

The amount of generated power depends on the installed capacity and assumed
production patterns (operation time). Figure 7 depicts the total amount of generated
power in industrial cogeneration for each of the reference and policy scenarios for
2010 and 2020. Figure 7 shows that the ACEEE study (17) expects the largest
power production to come from industrial cogeneration by 2010 and 2020, whereas
the CEF study (19) is less optimistic. Still, all policy scenarios show a large increase
in additional industrial power generation, tripling (CEF moderate, 98 TWh) the
baseline forecast (AEO 1999, 31 TWh), or even exceeding it by a magnitude of one
(ACEEE policy, 270 GW). By 2020 the role of industrial cogeneration is growing
considerably in all scenarios, including the CEF moderate scenario (278 TWh),
the CEF advanced scenario (539 TWh) (19), and the ACEEE policy scenario
(746 TWh) (17).

Most industrial cogeneration in the studies is based on gas turbine systems.
The CEF study (19) also assumes increased application of emerging technologies,
such as black liquor gasification, leading to increased use of biomass. Hence,
cogeneration not only results in improved efficiency but also in fuel-mix changes,
away from a coal-dominated power sector in the United States. This will result in
additional CO2 emission reduction.
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4.4. Policies

As Table 2 shows, only a few policy instruments are applied in all three studies, e.g.,
tax incentives [not specifically for industry in two studies (ACEEE/Tellus)], R&D
[not specifically for industry (ACEEE/Tellus)], cogeneration tax incentives, and
cogeneration barrier removal. Emission trading programs are used in all studies,
but not specifically for industry, whereas voluntary sector agreements are applied
only in the CEF (19) and ACEEE studies (17). Even when similar policies are
used, they have been modeled in different ways, as shown by the discussion of
industrial cogeneration (see Section 4.3).

The results of the voluntary sector agreements can not be compared, as the
results of the ACEEE policy scenario (17) are derived from the CEF advanced
scenario (19). Tax incentives and R&D are modeled as part of public benefit pro-
grams (within the power sector deregulation in the United States) in the ACEEE
study and modeled as general measures in the Tellus study, although both stud-
ies estimate the effects of those measures on industrial CO2 emissions. Unfor-
tunately, the studies do not report on the effects on energy use, whereas the
CEF study does not report on the emission reductions for each modeled policy
( just energy use).

Regrettably, comparison of direct policy impacts in the different studies,
other than cogeneration, is not possible, given the constraints in presentation of
the study results.

4.5. Costs and Benefits

One of the benefits of the engineering-economic modeling approach is that the use
of economic cost data for decision making allows for calculations to associate costs
with energy savings and carbon reductions. Unfortunately, the approaches used
by the three studies reviewed here differ in many ways that hinder comparisons.
Two major difficulties in doing cost calculations lead to the differences in the
studies.

The first difficulty is that capital investments in energy-efficient equipment are
“instantaneous,” whereas the energy savings they generate are not. In other words,
the energy and carbon savings reported for 2010 cannot be attributed to investment
in 2010 alone but to investments from every preceding year the equipment has been
in use. Similarly, the investments for 2010 do not lead to savings only in 2010 but to
all the years the equipment lasts. To address this problem, some method of “annual-
izing” or “levelizing” costs must be undertaken, which spreads the capital costs over
the lifetime of the equipment. The CEF study (19) gives annualized results, whereas
the other studies present net present values over the modeled period. However, this
makes a comparison difficult, as two pieces of information are needed to do this
comparison: the lifetime of the equipment and the discount rate to account for the
time value of money used in the studies. Neither of these values is simplistically
defined.
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The second difficulty arises from the interaction of the electricity supply and
demand sectors. Since power sector policies can reduce emissions in the demand
sectors and demand sector policies can lower demand (and hence costs) for the
utilities, sorting out the costs and emissions reductions can be complicated. All
the studies try, to some extent, to integrate changes in the electric sector into
their scenarios, so there is an issue of how to account for reductions in indirect
emissions, i.e., those arising from electricity use. In general, utility policies to lower
the carbon content of electricity have positive costs, while lowered demand for
electricity requires fewer plants to be built, thereby lowering costs. Measurements
of the costs of conserved energy should take into account avoided costs arising
both from lower energy purchases and from avoided capital expansions to generate
that energy in the power sector.

All studies present the total costs and benefits of the policy mix to achieve
emission reduction, based on the investments needed, although only one specifies
the program costs (CEF), whereas two contain assessments of the macroeconomic
impacts of the policy scenarios (CEF, Tellus). Only the CEF (19) and Tellus studies
(18) provide costs for the industrial sector separately. A direct comparison of the
costs is not possible, as the studies use different costing methodologies. However,
all policy scenarios in the studies show net benefits to the US economy, including
investment and program costs (CEF only), even though the studies exclude envi-
ronmental externalities. For the year 2020, results may be different because of the
effects of earlier investments in R&D. In the CEF advanced scenario (19), industry
shows net costs for industry by 2010, which are expected to result in net savings
by 2020, when R&D investments start to pay off. The results are in line with
other assessments that allow technology development, as these models do (e.g.,
see 28).

5. DISCUSSION

Although all studies use similar starting points (e.g., baseline scenario, energy
prices, economic structure), it was difficult to compare the results directly because
of differences in applied methods, system boundaries, sector, technology, and
policy representation. Generally, all studies modeled policy impacts rather than
the policies themselves. This is due to the complex interaction of decision-making
behavior of stakeholders, policy, and business environment. Representations of
decision making in the industrial-sector models are, with few exceptions, not very
satisfying. Although the decision-making process is not fully understood, some
models surveyed here capture at least the essence of choice as applied to technology.
There is a need to identify key variables and relationships that affect the process,
and analysts who developed both the LIEF and ISTUM/ITEMS models have used
this information on technology decision making to derive these parameters. Of
the studies discussed in this paper, only LIEF includes parameters that can be
altered to reflect behavioral variables. Although the links are indirect, calibration
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of the parameters is based on historical data (LIEF). Hence, the modeling of policy
impact and policy is and remains an important challenge.

A recent international conference discussed the challenges in modeling of the
economic and policy potential for energy efficiency improvement. It concluded that
the development of a more complete analysis of the achievable potential for en-
ergy efficiency improvement, including policy modeling, is needed, especially for
noneconomic and nonregulatory policies. The workshop was not able to conclude
on the need for more complex models to simulate decision-making behavior or use
more simple and transparent models (38). The studies reviewed in this article tried
to assess the achievable potential given selected policy instruments. Although all
studies use off-line assessments to assess the policy impact of most policies, some
selected policies have been modeled using models to simulate decision-making
behavior in relatively simple economic terms (e.g., LIEF, NEMS).

Even though all studies use a similar definition of the industrial sectors, we
found that the CEF study was not able to fully integrate industrial cogeneration in
the results for the industrial sector because of limitations with the integrating
model that was used (Lawrence Berkeley National Laboratory—NEMS). The other
policy studies build heavily on cogeneration to reduce industrial primary energy
use, which makes it difficult to compare the overall results. We did evaluate the
results for cogeneration impacts. The potential effects of policies aimed at re-
ducing barriers to market penetration of cogeneration vary widely between the
different studies, whereas the ACEEE study (17) particular finds a large poten-
tial for industrial cogeneration by the year 2020, generating about 750 TWh an-
nually, compared with 540 TWh for the CEF advanced scenario. On the other
hand, although the CEF study (19) uses a detailed analysis of sectoral steam use
(after implementing end-use efficiency measures) to estimate the impact of co-
generation, the ACEEE uses a simpler approach based on total steam use and as-
sumed effectiveness of policies. Both studies also used different assumptions for
the investment and installation costs of new cogeneration equipment. However,
these differerences do not fully explain the differences in CHP results for both
studies.

All studies have used the relative low energy prices as used in the AEO scenarios
(25, 26). Generally, the AEO scenarios assume a drop in coal and electricity prices,
and a small decrease in oil and gas prices. Price effects are modeled in the studies
through the public benefit charge, as well as cap and trade systems (Tellus, and
the CEF advanced scenario). The public benefit charge is low in all studies and
is unlikely to affect energy-use patterns in itself. The impacts of public benefit
programs financed by the charge are likely to be more profound and have received
more attention as such in all studies. The cap and trade system results in a price
effect in both studies. As only the CEF study has implemented cap and trade
systems outside of the electricity sector, it is impossible to compare the effects
of a cap and trade system on industrial energy use between the different studies.
Hence, we assess the effects on total energy use in the United States. The emission
reduction in the Tellus study (allocated to the power generation sector) is estimated
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at almost 10% of the total emission reductions in the Kyoto compliance scenario
and almost 16% in the climate protection scenario (18) by 2010. In the the CEF
advanced scenario (19), a cap and trade system (modeled as permit cost equivalent
to $50/tC) is implemented after 2002 in a gradual way. By 2010, the cap and trade
system results in 2% energy savings compared with the baseline scenario and a
higher reduction (6%) in carbon emissions.

The different approaches to cost used in the studies point out the need for
a consistent methodology. The CEF study takes 1 year of investment and one
increment of energy savings and evaluates using a discount rate corresponding to a
marginal return on energy efficiency investments; it also includes program costs.
The Tellus and ACEEE studies use the investments and energy savings from the
entire study period and a low financial discount rate, while excluding program
costs. Each of these approaches leads to different interpretations of similar data.

Other recent studies have also assessed future energy use in US industry. How-
ever, we have not included them in this review because they either evaluate only
selected energy policies (37) or do not explicitly address policies (4). The analysis
of the Climate Change Technology Initiative prepared by the EIA (37) assesses
for industry only the impact of a tax incentive for cogeneration until 2003 and
is incomparable to other studies, which assessed longer time periods over which
these measures are implemented (see above). The analysis of the effects on imple-
menting the Kyoto emission reduction targets by the EIA does not address policies
at all and only assesses energy and economic impacts of different emission reduc-
tion goals. In this sense, this study does not allow comparison of the results (e.g.,
reduction levels by sector, costs of emission reduction) of other policy studies. The
Kyoto assessment of the EIA estimates very high costs to the US economy because
of the lack of flexibility in achieving the targets set. A recent study (39) shows
that increased flexibility (e.g., economic restructuring to less energy-intensive ac-
tivities) in the reaction of the economy on the challenge put forward by climate
change leads to reduced costs of climate change mitigation. Other studies (24, 40)
have shown that increased flexibility in the form of alternative technologies may
lead to different results in future energy use. Increased flexibility of models with
respect to policy impact may also lead to further reductions in the estimates of
GHG emission mitigation costs.

6. CONCLUSION AND RECOMMENDATIONS

We are beginning to evaluate and model the contribution policy interventions
make toward improving energy efficiency. We reviewed three recent policy studies
assessing the impact of energy efficiency policies in the United States. All studies
model the policy impact rather than the policy itself. This is due to the complex
interaction between policies and stakeholders. Often the policy impacts are based
on assumptions, as the effects are not certain, e.g., the effect of R&D on techno-
logy development. Still, the studies represent an important step in the analysis of
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climate-change mitigation strategies. Most models only incorporate pricing tools,
which recent studies have proven to be insufficient to estimate the impacts, costs,
and benefits of mitigation strategies.

The reviewed studies are a first effort to capture the effects of nonprice poli-
cies. Although the methods used to estimate the effect vary from crude to highly
detailed, the studies contribute to a better understanding of the role of policies in
improving energy efficiency and mitigating climate change. Recent studies have
shown that flexibility in technology choice and in economic rigidity contribute to a
lower estimate of climate-change mitigation costs. These studies have shown that
flexibility in policies used to improve energy efficiency and reduce greenhouse gas
emissions may also result in lower costs for society and industry.

Studying policies for the industrial sector is no easy task because this sector is the
most diverse and, arguably, the most challenging energy-demand sector to model.
The challenges presented by modeling industrial-sector energy use are many but
fall into two categories: appropriate level of detail (i.e., sector, technology, and
policy) and representing decision making. In every case there are trade-offs to be
made because of the availability of information, the policy/forecasting questions to
be addressed, and the modeling methods that are implemented. When considering
the trade-offs, it is important to keep a clear perspective on the question(s) the
model is designed to answer and on the complexity of the system the model is
representing.

A better understanding of decision-making behavior, technology choice, and
policy impact and effectiveness is needed to improve our understanding of the
potential effectiveness of future energy efficiency policies, as well as to improve
policy modeling. Parametric models need not be limited to simple linear regression
or “unexplained” exponential time-trends analysis. The development and accessi-
bility to advanced statistical tools allows the analyst much more freedom. Statis-
tical analyses of large data sets of company-specific (or even investment specific)
information can help to capture greater realism about behavior or technology per-
formance. Nonlinear estimations allow for more realism in specifying parametric
relationships for conservation supply curves, technology adoption and diffusion,
or technical change.

Policy evaluations can help to provide a better understanding of the impacts
as well as effectiveness of policies. Including the lessons learned from policy
evaluations is important for modeling of price and nonprice energy efficiency
policies. For all policies, but especially for new flexible and innovative policies,
evaluation should be an integral element of policy design. However, currently,
in-depth evaluations of industrial energy efficiency policies are rare.

The use of harmonized costing methodologies will enable assessment and com-
parison of the results of different studies. Policy makers using the results of such
models need to be able to understand the results in an unambiguous way.

With these developments, the current and next-generation policy models and
studies have the potential to become richer representations of the industrial sector.
However, industrial models will still differ in approach as they evolve according to
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the interests of their developers and the needs of policy makers. There is never likely
to be a “one-size-fits-all” approach to industrial modeling. Instead the challenge
will remain to have the “right tool for the right question,” because if all you have
is a hammer, everything starts to look like a nail.
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